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Well resolved, sharp photoluminescence~PL! peaks of Er31 (4 f 11) ions at;1.54mm are obtained
from Er-doped porous silicon~PS:Er! on which a hydrogen plasma treatment is carried out after
electrochemical incorporation of Er31ions into porous silicon. The full width at half maximum
~FWHM! of the 1.538mm main peak at 20 K is less than 1 nm, which is much smaller than that
obtained from PS:Er samples annealed in a H2 or O2 flow ~FWHM 7–10 nm!, and is comparable to
that of Er-doped crystalline silicon. The thermal quenching of the PL intensity is, however,
relatively small, the PL intensity decreasing only by a factor of 10 from 20 to 300 K. ©1998

















































Er-doped silicon which illuminates at;1.54 mm has
been attracting much attention as a light source for silic
based optoelectronic devices.1,2 However, Er-doped crystal
line Si shows a large thermal quenching of the luminesce
intensity, which leads to almost no luminescence intensit
room temperature. Co doping of Er and O ions, for examp
by ion implantation3,4 or by chemical vapor deposition,5 has
been found to reduce the thermal quenching. Formation
Er–O complexes is thought to reduce the energy backfl
from Er31 ions to Er related traps or to free carriers in t
host materials.6
Recently, we have shown a strong Er related 1.54mm
luminescence at room temperature, using Er-doped po
silicon ~PS:Er!,7 in which Er31 ions are electrochemically
incorporated and the subsequent annealing is performe
an O2(20%)/Ar(80%) gas flow at temperatures abo
1000 °C. Widening of the band gap of Si due to the quant
size effect8 as well as the formation of Er–O
complexes3,4,9,10 is speculated to reduce the therm
quenching.11 A small thermal quenching has also been o
tained in PS:Er, in which Er is incorporated by Er sp
coating,12 by Er-ion implantation,13,14 or by immersing PS
into an ErCl3 /C2H5OH saturated solution,
15 followed by an-
nealing in an O2 or N2 gas flow at high temperatures. E
implanted semi-insulating polycrystalline silicon, Er-dop
amorphous silicon (a-Si) with a high content of oxygen16
and Er-dopeda-Si:H17 have also shown a strong Er relate
1.54 mm luminescence at room temperature. However,
luminescence is generally broad, which may be relevan
various crystal fields for Er31 ions incorporated in noncrys
talline samples. Recently, very sharp peaks at 1.539
1.548mm have been reported by Stepikhovaet al.18 in Er-
doped PS at 4.2 K. However, they are observed only at
temperatures.
In this paper, we show a breakthrough technique wh
uses a high-temperature hydrogen plasma treatment a
a!Electronic mail: dejima@tube.ee.uec.ac.jp1030021-8979/98/84(2)/1036/5/$15.00
















annealing method which is needed to obtain the Er rela
luminescence after electrochemical incorporation of Er io
into porous silicon. The hydrogen plasma treatment
adopted first with an intention of plasma etching of am
phous as well as oxidized silicon around silicon nanocrys
with an oxygen-free atmosphere. Second, passivation of
dangling bonds, which appear after plasma etching, with
tivated hydrogen atoms is also expected. As a result, sh
Er related luminescence peaks with a small thermal quen
ing have been obtained. These results are shown and
effects of hydrogen plasma treatment are discussed.
II. EXPERIMENTS
PS samples are obtained from Czochralski-grownp-type
Si~100! wafers~resistivity:r56–12V cm! which are anodi-
cally etched in a 1:1 HF~46%!/ethanol solution at 40 °C for
10 min at a constant current density of 20 mA/cm2. The
thickness of the PS layers obtained is estimated around
mm by scanning electron microscope~SEM!. The photolu-
minescence~PL! of as-anodized PS shows a broad peak
0.8 mm with a FWHM of ;0.2 mm at room temperature
After rinsed with ethanol, the as-anodized PS samples
dipped in a saturated ErCl3/ethanol solution and doped wit
Er31 ions by applying a negative bias to the PS at a cons
current density of 0.14 mA/cm2. A total charge of 0.21
C/cm2 is introduced into the PS. The density of the Er ion
measured by secondary ion mass spectroscopy~SIMS!, is
almost uniform in the whole PS layers at a density of
31019/cm3, which is smaller than that simply estimate
from the total charge (3 1020/cm3).
Annealing at a high temperature is needed after the
incorporation into PS to obtain the Er related 1.54mm lumi-
nescence. We have employed the following three annea
ambients:~1! O2(20%)/Ar~80%! gas flow,~2! pure H2 gas
flow, and ~3! hydrogen plasma. The annealing in an O2/Ar
or H2 flow is carried out at 1300 °C for 30 s with a flow ra
of 500 cc/min at the atmospheric pressure. This condition
found to result in the maximum intensity for the Er relat
1.54mm luminescence by this gas flow method. The hyd6 © 1998 American Institute of Physics





































1037J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Dejima et al.gen plasma is obtained by applying 2.54 GHz, 600 W mic
wave power to the H2 gas which is flown at a rate of 35
cc/min. Under this condition, the pressure of the H2 gas is 30
Torr and the samples are heated to 1000 °C. The treatm
time is 30 min.
Photoluminescence measurements are carried out u
the 514.5 nm line of an argon ion laser. The luminesce
signal is monitored by using a single grating monochroma
~Jobin-Yvon HR320! and a cooled germanium pin photod
ode. In order to investigate the chemical bond structure
samples, Fourier transform infrared~FTIR! spectroscopy
~Perkin Elmer FTIR spectrometer SPECTRUM-2000! is
used in a resolution of 0.2 cm21.
III. RESULTS AND DISCUSSIONS
Figure 1 shows the photoluminescence spectra at 2
of the Er-doped porous silicon samples annealed~a! in
O2(20%)/Ar~80%! at 1300 °C for 30 s (PS:Er/O2), ~b! in H2
at 1300 °C for 30 s (PS:Er/H2), and~c! in hydrogen plasma
at 1000 °C for 30 min~PS:Er/H plasma!. Samples anneale
in O2(20%)/Ar(80%) show a strong but broad luminescen
centered at 1.534mm ~indicated withb! with a FWHM of 10
nm @Fig. 1~a!#. As discussed in Sec. I, the strong lumine
cence is thought due to the formation of Er–O complexe3
The large value for the FWHM obtained is consistent w
the values of previous reports.12–15 It should be noted tha
two shoulders are observed at 1.530mm ~a! and 1.538mm
~g! around the peak. Annealing of PS:Er samples in a p
H2 gas flow results in narrower luminescence peaks as sh
FIG. 1. Photoluminescence spectra at 20 K of Er-doped porous sil
samples annealed~a! in O2~20%!/Ar~80%! at 1300 °C,~b! in H2 at 1300 °C,
and ~c! in hydrogen plasma at 1000 °C. The duration times are~ ! 30 sec,
~b! 30 sec, and~c! 30 min. The values of wavelength area:1.530 mm,












in Fig. 1~b!. The main peak is located at 1.530mm ~a! with
a FWHM of 7 nm together with subpeaks at 1.538mm ~g!,
1.547mm ~d! and so on. The different wavelengths for th
main peak between Figs. 1~a! and 1~b! indicate that the Er31
ions in different crystal fields are responsible for these t
luminescence peaks. It is of interest that the main pea
1.534 mm ~b! for PS:Er/O2 @Fig. 1~a!# corresponds to the
local minimum of the intensity for PS:Er/H2 @Fig. 1~b!#,
whereas the main peak at 1.530mm ~a! for PS:Er/H2 corre-
sponds to one of the shoulder peaks for PS:Er/O2. The lumi-
nescence intensity of the main peak for PS:Er/H2 is however
only 1/30 that of the main peak for PS:Er/O2.
As shown in Fig. 1~c!, the hydrogen plasma treatment
found not only to bring about a very sharp luminescen
structure, but also to give a PL intensity comparable to t
of PS:Er annealed in O2(20%)/Ar(80%). At least, six sharp
peaks are clearly observed in the luminescence of PS:E
plasma. The main peak which is located at 1.538mm ~g! has
a FWHM less than 1 nm. This value is by one order sma
than that of PS:Er/O2.The wavelength of the main peak co
responds to that of the second maximum peak in PS:Er2,
whereas the 1.530mm ~a! main peak in PS:Er/H2 is very
small in PS:Er/H plasma. The intensity of the main peak
PS:Er/H plasma~g at 1.538mm! amounts to one-third that o
the main peak of the PS:Er/O2 samples~b at 1.534mm!, and
is about 10 times as strong as the intensity of the main p
of the PS:Er/H2 samples~a at 1.530mm!.
Two effects are speculated for the hydrogen plas
treatment: one is the plasma etching of the amorphous an
oxidized surface layers around Si nanocrystallites in the
FIG. 2. PL spectra at 20 K for Er-doped porous silicon sample anneale
Ar-plasma at 1000 °C for 30 min~lower!, and sample annealed in Ar plasm
at 1000 °C for 30 min and subsequent H2 gas flow at 1300 °C for 30 s
~upper!. The inset shows enlarged section near 1.54mm for the case of Ar
plasma and H2 gas flow. The values of wavelength area:1.530mm, b:1.533
mm, g:1.537mm, andd:1.547mm.
n



















































1038 J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Dejima et al.layer due to enhanced supply of hydrogen radicals, and
other is the passivation of dangling bonds, which may
formed on the surface of the nanocrystals due to plasma e
ing, with hydrogen atoms during the hydrogen plasma tre
ment and/or in the cooling process with a H2 gas flow.
In order to estimate the effects of plasma etching, PS
samples are treated in an argon plasma under the s
plasma conditions as those of the hydrogen plasma tr
ment. The argon plasma is expected to have a similar etc
effect as the hydrogen plasma, even though the etching
may be different. The obtained PL spectra is shown in Fig
As shown in the bottom line of Fig. 2, no Er related 1.54mm
luminescence is observed after the argon plasma treatm
However, when these Ar plasma treated samples are
jected to an annealing in a H2 gas flow at 1300 °C for 30 s
the Er related luminescence appears as shown in the u
line in Fig. 2. The inset shows that this luminescence c
sists of sharp peaks. The main peak at 1.533mm ~b! has a
FWHM of 3 nm and its intensity is comparable to that
PS:Er samples which are treated in the hydrogen plasm
shoulder observed on the shorter wavelength side is loc
at 1.530mm ~a! and a subpeak observed on the longer wa
length side is at 1.536–1.537mm ~g!.
The above result indicates that the plasma etching is
cause for the sharply structured Er related luminescence
that hydrogen plays an important role for the appearanc
the Er related luminescence. The importance of hydrogen
the Er related luminescence is also confirmed by the follo
ing experimental results. When the hydrogen plasma tre
PS:Er samples are annealed in a vacuum at 700 °C for 5
the Er related 1.54mm luminescence almost disappears@see
FIG. 3. PL spectra at 15 K for Er-doped porous silicon samples anneale~a!
in hydrogen plasma at 1000 °C for 30 min,~b! in hydrogen plasma and
subsequent vacuum anneal at 700 °C for 5 min, and~c! in hydrogen plasma
























Fig. 3~b!#. This result is explained in terms of the hydroge
dissociation from dangling bonds due to high-temperat
annealing in a vacuum. However, when the hydrogen plas
treated PS:Er samples are annealed in H2 gas under the sam
conditions, the Er31-related 1.54mm luminescence is found
to keep its intensity or to increase the intensity slightly
shown in Fig. 3~c!. We speculate that hydrogen atoms m
passivate the dangling bonds on the surface of the Si na
crystals. Due to the plasma etching of amorphous and/or
dized layers, a lot of dangling bonds which may act as stro
nonradiative centers may be formed. Photoexcited electr
and holes may recombine via these dangling bonds and
energy transfer to the Er31 4 f electrons may be greatly re
duced. However, hydrogen atoms as well as oxygen at
may passivate these Si dangling bonds, and the nonradia
electron hole recombination via dangling bonds may be
duced. This passivation effect has been confirmed from
fact that the decay of the PL intensity of PS becomes slo
when PS is annealed in an O2/Ar atmosphere.
19
Fourier-transformed infrared~FTIR! absorption mea-
surement is performed to observe the etching effect. T
result is shown in Fig. 4. The absorption peak at 1100 cm21
due to the Si–O–Sistretching mode is clearly observed
the unannealed PS:Er sample~d!, in the PS:Er sample an
nealed in O2(20%)/Ar(80%)~c!, and in H2 ~b!. However,
this mode totally disappears after the hydrogen plasma tr
ment as shown in Fig. 4~a!. This result indicates that oxi
dized silicon inside the PS layers as well as on the PS sur
is almost removed by the hydrogen plasma treatment~within
the detection limit of FTIR!.
FIG. 4. FT-IR spectra for Er-doped porous silicon samples annealed~ ! in
hydrogen plasma at 1000 °C for 30 min,~b! in H2 gas flow at 1300 °C for 30
s, ~c! in O2 gas flow at 1300 °C for 30 s, and~ ! nonannealing. A dotted line

















































1039J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Dejima et al.The above FTIR results show that the hydrogen plas
effectively etches the oxidized region of the PS layers. Wh
we compare the three PL spectra in Fig. 1, the 1.534mm
peak ~b! ~which is the main peak for the PS:Er sampl
annealed in O2/Ar) and the 1.530mm peak~a! ~the main
peak for the PS:Er samples annealed in H2) may be more or
less related with oxygen, whereas the 1.538mm peak~g! ~the
main peak for the PS:Er samples annealed in the hydro
plasma! is much less related with oxygen. We speculate t
the 1.538mm peak~g! comes from Er31 ions in Si nano-
crystals, whereas the former two originate from Er31ions in
the oxidized surface of the Si nanocrystals or in the am
phous silicon layers among the nanocrystals. The 1.538mm
main peak~g! has been observed in Er-doped crystalli
silicon20–25 in which the amount of oxygen is;1020/cm3 at
most, whereas the 1.534mm main peak~b! is observed in
Er-doped silica glass,26 Er-implanted SIPOS,16 Er-doped
SiO2 glass
27 etc. where the host silicon is greatly oxidize
The present discussion is consistent with these reports.
shown from the spectra in the inset of Fig. 2 that the
plasma treatment does not etch the oxidized layer so
fectly as the hydrogen plasma.
Figure 5 shows the temperature dependence of the
peak intensity of the main peaks for the three annealing
mospheres. The PL intensity of the main peaks for PS
samples annealed in O2/Ar and H2 shows both a very smal
thermal quenching, the former being smaller than the lat
The 1.538mm main peak for PS:Er samples annealed
hydrogen plasma shows a larger thermal quenching, but
about by a factor of 10 from 20 to 300 K, which is extreme
smaller than that of Er-doped crystalline silicon without
FIG. 5. Temperature dependence of the photoluminescence intensity o
emission peak 1.538mm in PS:Er annealed in hydrogen plasma at 1000
for 30 min, the emission peak 1.534mm in PS:Er annealed in
O2(20%)/Ar~80%! at 1300 °C for 30 s, and the emission peak 1.530mm in
PS:Er annealed in H2 gas flow at 1300 °C for 30 s between 20 K and roo













ion co-implantation which shows a thermal quenching of t
or three orders of magnitude. The smaller thermal quench
is due to the larger bandgap of the host silicon nanocryst
We also show that a luminescence peak at 0.98mm is
observed from PS:Er samples which are subjected to the
drogen plasma treatment as shown in Fig. 6. Since its wa
length does not depend on temperature, we assign this
to the intra 4f transition from4I 11/2 to
4I 15/2 of Er
31. The
observation of this peak becomes possible due to the
larged band gap energy~;1.55 eV! of the host PS. The
temperature dependence of its intensity~shown in Fig. 6! is
nearly similar to the 1.538mm main peak.
Summarizing the results obtained above, we can spe
late the effects of the annealing atmosphere on the Er rel
luminescence of PS:Er samples as follows. As-anodized
rous silicon is considered to be composed of silicon nan
rystals, oxidized silicon and/or amorphous silicon. The s
face of the nanocrystals is greatly damaged due to
electrochemical etching process. A part of the dangl
bonds of Si atoms on the surface of the nanocrystallites m
be terminated with H, OH, or O atoms. The Er31 ions which
are incorporated into PS pores may either stick on the sur
of the Si nanocrystals or remain in the amorphous Si lay
just after the Er31 ion incorporation, and thus the Er31 ions
are not excited by the recombination energy of electrons
holes generated in the nanocrystals. When the Er-doped
~PS:Er! is annealed at high temperatures, Er31 ions may
diffuse into silicon nanocrystals by several nanomet
which are roughly estimated from the diffusion coefficient
the
FIG. 6. PL spectra at 20 and 300 K for an Er-doped porous silicon sam
treated in hydrogen plasma at 1000 °C for 30 min. Luminescence pea
1.538 mm and 0.98mm correspond to the Er31 intra 4f transition 4I 13/2
→4I 15/2 and4I 11/2→4I 15/2, respectively. The inset shows temperature dep
dence of the photoluminescence intensity of the emission peaks 1.538

























































1040 J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Dejima et al.10214 cm2/s for Er ions in bulk silicon at 1000 °C.
When samples are annealed in O2/Ar or in H2, a part of
the dangling bonds may be terminated with O or H atom
respectively~note that the hydrogen is flown during the coo
ing process!. When samples are annealed in the hydrog
plasma, almost all the oxidized and amorphous silicon lay
are etched, and the clean surface of the Si nanocrystals
dangling bonds may appear. These dangling bonds ma
terminated with H atoms during the plasma treatment or d
ing the cooling process. When the PS:Er samples are
nealed in a vacuum, a large part of H, OH, or O atoms m
dissociate from the dangling bonds of silicon nanocrys
and the nonradiative recombination may increase extrem
The present result shows that the small thermal quen
ing of the Er related luminescence is possible when Er31 ions
are incorporated in silicon nanocrystals whose surface is
passivated with hydrogen atoms. Because of the unifo
crystal fields for these Er31 ions, well resolved sharply struc
tured Er31 related luminescence peaks are obtained.
IV. CONCLUSION
In conclusion, a strong and very sharply structured lum
nescence is obtained from Er-doped porous silicon sam
which are treated in a hydrogen plasma. The main pea
1.538mm shows a FWHM less than 1 nm at 20 K. Its pe
intensity attains 1/3 that of PS:Er samples annealed
O2(20%)/Ar~80%!, and shows only a thermal quenching
a factor of 10 from 20 K to room temperature. Plasma et
ing of the oxidized and amorphous silicon layers with hyd
gen radicals and the passivation of dangling bonds with
drogen are speculated to increase the energy transfer o
recombination energy of electron and holes to Er31 ions
which are diffused into silicon nanocrystals. The wide ba
gap of the silicon nanocrystals and uniform crystal fields
the reasons for the sharp peaks with a small thermal que
ing.
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